Solar radiation management (SRM) geoengineering has been proposed as one means of helping avoid the occurrence of dangerous climate change and undesirable state transitions ('tipping points') in the Earth system. The irreversible melting of the Greenland Ice Sheet is a case in point-a state transition that could occur as a result of CO 2 -driven elevated global temperatures, and one leading to potentially catastrophic sea-level rise. SRM schemes such as the creation of a 'sunshade' or injection of sulfate aerosols into the stratosphere could reduce incoming solar radiation, and in theory balance, in a global mean, the greenhouse warming resulting from elevated concentrations of CO 2 in the atmosphere. Previous work has highlighted that a geoengineered world would have: warming towards the poles, cooling in the tropics, and a reduction in the global hydrological cycle, which may have important implications for the Greenland Ice Sheet. Using a fully coupled global climate model in conjunction with an ice sheet model, we assess the consequences for the mass balance of the Greenland Ice Sheet of the reorganization of climate patterns by the combination of high CO 2 and geoengineering. We find that Greenland surface temperature and precipitation anomalies, compared to the pre-industrial situation, decrease almost linearly with increasing levels of SRM geoengineering, but that these combine to create a highly non-linear response of the ice sheet. The substantial melting of the Greenland Ice Sheet predicted for four times pre-industrial CO 2 levels is prevented in our model with only a partial application of SRM, and hence without having to fully restore the global average temperature back to pre-industrial levels. This suggests that the degree of SRM geoengineering required to mitigate the worst impacts of greenhouse warming, such as sea-level rise, need not be as extensive as generally assumed.
Introduction
It is expected that by the end of the century, global average surface temperatures will have risen by a further 1.5-4
• C, depending on emissions pathway (IPCC 2007) . To avoid 'dangerous' climate change (Hansen et al 2006) and the occurrence of undesirable and rapid and/or discontinuous state transitions in the Earth system (known loosely as 'tipping points' (Lenton et al 2008) ), many authors and international bodies are calling for efforts to limit the temperature rise to a maximum of 2
• C (Hansen et al 2006) . However, efforts to secure the necessary reductions in CO 2 emissions have so far been mostly unsuccessful and a recent study showed that even relatively ambitious CO 2 reduction targets may fail to prevent an eventual 2 • C temperature rise (Weaver et al 2007) .
One of the already observable consequences of greenhouse warming is a reduction in the volume of the Greenland Ice Sheet (GrIS) (Alley et al 2005 , Krabill et al 2004 and an associated sea-level rise. For a sustained atmospheric CO 2 concentration of 550 ppm, Alley et al (2005) estimate that a near-total melting of the GrIS would eventually occur, albeit highly unlikely to occur in the next century (Pfeffer et al 2008) . Although there are uncertainties regarding where the CO 2 threshold for complete melting lies (e.g. Lunt et al 2009) as well as the timescale at which the melting would take place, the extreme social and economic consequences of even a fraction of the maximum potential sea-level rise of 7.3 m (Bamber et al 2001) occurring, clearly warrant an urgent assessment of whether mitigation strategies exist for melting of the GrIS and whether they would be effective.
Geoengineering has been proposed as a means to avoid dangerous levels of climate change and tipping points (such as large-scale melting of the GrIS) being crossed (Royal Society 2009, Irvine and Ridgwell 2009) . Of particular interest has been the potential for modification of the solar radiation budget via the creation of a solar 'sunshade' (Angel 2006) or injection of sulfate aerosols into the upper atmosphere (Crutzen 2006) as a means to restore global mean temperatures to preindustrial levels. A feasibility study of the sunshade idea has been conducted and concluded that the idea is possible but incredibly expensive (Angel 2006) . Cooling by injecting sulfate aerosols into the stratosphere may be much more achievable; it has been calculated that 2 Tg of sulfur particles, forming sufficiently small aerosols, could offset a doubling of CO 2 levels from current levels (Rasch et al 2008) . The cost to deliver 1 Tg of sulfate aerosol precursor to the stratosphere may be as low as $225 million per year if high altitude military refueling jets were refitted for the job (Robock et al 2009) . The effects of injecting sulfate aerosols would go beyond cooling the climate; there would be an increase in the diffuse fraction of direct light, reducing the effectiveness of focusing solar power, whitening the sky and increasing plant productivity (Robock et al 2009 , Mercado et al 2009 ; the sulfate aerosols would also lower ozone levels by providing more surface area for ozonedestroying reactions to take place on , Rasch et al 2008 . SRM geoengineering would have no direct effect on CO 2 levels; ocean acidification and the CO 2 fertilization of plants would remain (Matthews et al 2009 , Leakey 2009 ).
However, returning global mean temperatures to preindustrial levels does not a priori imply that the GrIS would be safeguarded. This is because these types of solar radiation management (SRM) do not provide a perfect cancelation of global warming and restoration of a pre-industrial climate. Instead, due to differences in the spatial distribution of solar and CO 2 forcing, the tropics tend to end up cooler and the poles warmer than in pre-industrial times, even when temperature is restored at the global mean (Lunt et al 2008b , Govindasamy and Caldeira 2000 , Matthews and Caldeira 2007 . As such, it is possible that SRM would not be effective against sea-level rise, as both the Greenland and Antarctic ice sheets would likely remain significantly warmer than pre-industrial times.
In this paper, we investigate the efficacy of SRM geoengineering in mitigating against sea-level rise from the GrIS and specifically in the context of its long-term mass balance. We also estimate the minimum level of SRM geoengineering required to avert a potential tipping point associated with the GrIS and the associated sea-level rise. However, our analysis excludes contributions to sea-level rise from the Antarctic ice sheet and from the thermal expansion of the oceans.
Methodology
To assess the response of climate to greenhouse forcing and SRM geoengineering, we use the fully coupled atmosphereocean UK Met Office GCM, HadCM3L (Cox et al 2000) . HadCM3L has a horizontal resolution of 3.75
• longitude by 2.5
• latitude in the atmosphere and ocean, 19 vertical levels in the atmosphere and 20 vertical levels in the ocean. It consists of a hydrostatic primitive-equation atmosphere, with parameterizations for sub-gridscale processes such as convection (Gregory and Rowntree 1990) . The ocean includes parameterizations of eddy mixing (Gent and McWilliams 1990) , and a dynamic-thermodynamic sea-ice scheme (Cattle and Crossley 1995) . The configuration of the climate model we use is identical to that described by Lunt et al (2008b) . A version of the model with increased ocean resolution (HadCM3) has been extensively tested (Gordon et al 2000) and performs well relative to other GCMs according to a variety of metrics (IPCC 2007 , Covey et al 2003 .
Using this model we carried out twelve 400-year climate model simulations, all initialized from the end of a spinup totaling more than 1000 years, with the final 100 years used to calculate the climatological averages. The first is a pre-industrial control ('Pre'), the second has atmospheric CO 2 set at 1120 ppmv, four times the pre-industrial value (4 × CO 2 ), and the other ten simulations have 4 × CO 2 and a reduced solar constant scaled according to the assumed degree of SRM geoengineering. The pre-industrial climate has been chosen as the reference state as the GrIS was stable under these conditions and is beginning to melt under modern conditions (van den Broeke et al 2009). For the reduced solar constant simulations; full SRM geoengineering ('100%Geo') has the solar constant reduced such that the global annual mean 2 m air temperature was as close as possible to that of the Pre simulation, the other nine simulations have the solar constant reduced by a fraction of this value from 10% to 90% in increments of 10%. The reduction in solar constant for 100% SRM geoengineering was found by carrying out a number of preparatory simulations with improving estimates of the required reduction, as in Lunt et al (2008b) . As a result, simulation 100%Geo has a solar constant 57 W m −2 less than that of Pre, a reduction of 4.2%. For comparison, (Govindasamy et al 2003) found that they required a reduction of 3.6% to offset a four times increase in CO 2 . The radiative effect of stratospheric sulfate aerosols on the climate can also be approximated fairly well using a global reduction in insolation. For instance, Brovkin et al (2009) find small differences in the radiative forcing effect for an even distribution of aerosol, while Robock et al (2008) observe that a fairly even distribution of aerosols is possible for a constant injection of sulfates into the tropical stratosphere.
From the GCM simulations, we calculate the temperature and precipitation anomalies relative to the control simulation, and combine these anomalies with an observed climatology to drive an off-line ice sheet model-Glimmer (Rutt et al 2009) . Glimmer (v. 1.0.4) is a three-dimensional thermomechanical ice sheet model, configured over the Greenland region. The core of the model is based on the ice sheet model described by (Payne 1999) . The model resolution is 20 km, and is configured as described in Lunt et al (2008a Lunt et al ( , 2009 . Glimmer performs well against established EISMINT benchmarks and against other analytical solutions for ice flow (Rutt et al 2009) . However, due to the use of the shallow-ice approximation (Hutter 1983) , it does not well simulate fast-flowing ice streams and has a relatively simple treatment of basal sliding, basal hydrology, and calving at marine margins.
The implications of some of these shortcomings are discussed later in the paper. The last 100 years of the climate simulations are used to generate an annual mean and half-range climatologyGlimmer then applies a sinusoidal seasonal and diurnal cycle to this climatology and this drives the ice sheet model for the duration of the experiment. The Glimmer ice sheet model uses an anomaly method to accommodate for biases in the driving climatology; the pre-industrial is the control simulation with all other simulations applying an anomaly to the standard (i.e., observed) climatology. For each GCM simulation, the ice sheet model is run for 50 000 years, allowing most of the simulations to come to equilibrium with the driving climatology. Three simulations required more time to reach equilibrium; these were run for a further 50 000 years. (A full description of the off-line coupling of the climate model and ice sheet model can be found in Lunt et al (2008a Lunt et al ( , 2009 
Results
The mass balance of an ice sheet, under a positive degree day formulation, depends on the net difference between the rate of snow accumulation and the melt rate, and hence the balance between precipitation and temperature across the region and season of ablation. Increases in summer temperatures have the largest impact on the mass balance of ice sheets as this is the time when air temperatures are highest, the ablation zone largest, and surface ice melt rates most rapid. The total amount of precipitation that falls on the ice sheet throughout the year determines the accumulation of snow mass.
In the absence of SRM geoengineering and hence an unmitigated 4 × CO 2 climate, the center of the GrIS has a summer average temperature over 6
• C warmer than in the preindustrial with no region experiencing a temperature less than 4
• C warmer ( figure 1(a) ). However, annual precipitation also increases across Greenland, with increases of over 6 m year −1 along some of the eastern coast and towards the southern tip ( figure 1(d) ).
Both the patterns as well as magnitude of temperature and precipitation anomalies change as a function of the degree of SRM geoengineering ( figure 1). Figures 1(b) and (c) show the annual average temperature anomalies for the 50%Geo and 100%Geo simulations, illustrating how climatological patterns respond to the degree of SRM geoengineering intervention. The annual mean surface air temperature anomalies in Greenland are significantly reduced with the application of 100% SRM geoengineering, although the island remains warmer than in the pre-industrial period. A temperature increase of at least 0.5
• C persists across Greenland with the northern and southern coasts experiencing a warming of 0.75
• C and the southern tip has over 1 • C of warming. The 50%Geo simulation shows an approximately intermediate warming compared with pre-industrial and 100%Geo, with at least 3
• C of warming across most of the island. For both: 50%Geo and 100%Geo, Greenland experiences a smaller increase in precipitation than for 4 × CO 2 (all compared with pre-industrial). This increase in precipitation over Greenland for 100%Geo is despite the global mean reduction in precipitation found in this study and other studies of sunshade and stratospheric aerosol geoengineering (Lunt et al 2008b , Bala et al 2008 in which on a global scale, the reduced insolation causes a reduction in latent heat flux, and consequently evaporative flux, from the land and sea surfaces reducing the intensity of the global hydrological cycle. The regional precipitation increases we find in all of the simulations are focused to the south of the island.
Averaging the temperature anomalies over the area of Greenland, we find an approximate linear relationship with the level of SRM geoengineering ( figure 2(a) ). For temperature, the annual average is 8
• C warmer for 4 × CO 2 , decreasing almost linearly to a 1
• C positive anomaly for the 100%Geo simulation. This relationship also holds for the individual seasonal changes although the slope varies. The increase in summer temperature is 6
• C at 4 × CO 2 , which is below the annual average warming whereas the spring temperature shows the greatest departure from pre-industrial with an anomaly of 10.5
• C. The climate changes in the arctic are affected by the ice-albedo effect, as sea-ice cover and snow cover is reduced; there is an increased absorption of sunlight and so regional warming (IPCC 2007) . There is also a reduction in the insulation of the Arctic Ocean as sea-ice cover retreats, this leads to an increased heat flux from the ocean in the autumn, which warms the atmosphere (Serreze et al 2009) .
Similar responses to the degree of SRM geoengineering are apparent for the precipitation anomalies (figure 2). With no SRM geoengineering the annual change in precipitation is 0.63 mm day −1 or 228 mm year −1 , which decreases roughly linearly with increasing SRM geoengineering level, with a positive anomaly of 21 mm year −1 for 100%Geo ( figure 2(b) ). The greatest increase in precipitation occurs in the autumn with 76 mm season −1 more in the un-geoengineered case than in the pre-industrial period. Winter and spring precipitation anomalies closely track the annual mean.
To assess the implications of a change in climate over Greenland on the global sea-level an ice sheet model must be used. Simply inferring sea-level changes from just the climate model output is insufficient as it is impossible to capture important properties of ice sheets like the altitudetemperature feedback, where the altitude of the ice sheet keeps the surface cool and prevents the melt of accumulated snow. The response of the GrIS mass to changes in the climate also has the potential to be non-linear with possible hysteresis due to the large positive altitude-temperature feedback. Figure 3 shows the predicted ice sheet response, calculated by running Glimmer to equilibrium, for the pre-industrial and 4 × CO 2 simulations, as well as the observed modern ice sheet. In the pre-industrial control experiment ( figure 3(b) ), the ice volume is over-estimated compared with observations ( figure 3(a) ), giving a sea-level equivalent of 8.6 m compared with the literature value of 7.3 m (Bamber et al 2001) . This is a common deficiency in current ice sheet models due, in part, to the lack of an accurate representation of ice dynamics (Ridley et al 2005 , Huybrechts and de Wolde 1999 , Ritz et al 1997 , Greve 2000 . Sea-level equivalents given here are estimated using the fractional ice sheet mass difference to calculate a sea-level rise equivalent and hence account for this systematic overestimation. Figure 3(c) shows the ice sheet height and extent at equilibrium after being forced by the 4 × CO 2 climatology; the ice sheet is only 12.8% of its original mass, equivalent to a sea-level rise of 6.4 m. The remnants of the ice sheet are located at the high altitude regions on the eastern coastline and on the southern tip. Other authors have noted that a similar, near-total, melting of the GrIS at four times (d) and (e) the ice sheets reach equilibrium after 50 000 years, For (a) and (c) 100 000 years were run to reach equilibrium. pre-industrial CO 2 is likely (Gregory et al 2004) . However, the pattern of ice sheet remnants differs from others in that ice is present in the southern tip of the island (Alley et al 2005 , Ridley et al 2005 .
We now turn to the predicted extent and height of the ice sheets generated under different levels of SRM geoengineering (figure 4). At 20% SRM Geoengineering ( figure 4(a) ), the extent and coverage of the ice sheet is slightly larger than the un-geoengineered case, with the remnants of the ice sheet more inter-connected. At 30% ( figure 4(b) ) and 40% (figure 4(c)) SRM geoengineering there is a partial ice sheet with losses in extent to the north of the island and losses in altitude for the 30%Geo case. The ice sheet is effectively at full height and coverage for 60% SRM geoengineering and above (figures 4(d)-(e)), and a pre-industrial ice sheet is maintained.
In contrast to the temperature and precipitation anomalies (figure 2), the response of the volume of the GrIS to the level of SRM geoengineering is highly non-linear and displays a step-like behavior (figure 5). The ice volume is only slightly increased for 10%Geo and 20%Geo compared with 4 × CO 2 , increasing for 30%Geo and again at 40%Geo; 50%Geo produces the same ice sheet volume as 40%Geo, and at 60%Geo and at greater degrees of SRM geoengineering, the ice sheet volume remains at roughly the pre-industrial value.
Discussion and conclusions
For all of the SRM geoengineering simulations and the 4 × CO 2 case, the climate of Greenland is warmer and wetter than the pre-industrial period. Averaged over Greenland, the temperature and precipitation anomalies decrease almost linearly with increases in the level of SRM geoengineering but with residual warming and wetting of Greenland at full SRM geoengineering. This contrasts with the global picture, in which average surface air temperature is exactly the same as in the pre-industrial period for full SRM geoengineering and there is a net global reduction in precipitation (Lunt et al 2008b) .
In agreement with previous work (Ridley et al 2005) , the consequence of unmitigated (4 × CO 2 ) climate change to the mass balance of the GrIS are drastic enough to eventually melt it almost entirely. By applying increasing degrees of SRM geoengineering and hence reductions in the incoming solar radiation, climate change under 4× atmospheric CO 2 is progressively mitigated at the global mean and over Greenland. However, the approximately linear change in the climate conditions over Greenland are not reflected in the ice sheet response.
We interpret the varying differential responses to the degree of SRM geoengineering as reflecting the existence of multiple thresholds and stable states in the ice sheet, illustrated by the time-dependent behavior of ice sheet volume in figure 6. For 20%, 40% and 50% SRM geoengineering the ice sheet has not quite reached equilibrium by 50 000 years however they are all within 0.5% of their final volume. For 60%Geo and above a similar evolution is seen as for the pre-industrial period. The 40%Geo and 50%Geo ice sheets follow similar trajectories, with 40%Geo having a greater volume than 50%Geo, but with both stabilizing at a relative ice volume of just over 70% of the pre-industrial ice sheet. The 20%Geo and 30%Geo cases follow similar trajectories until around 20 000 years at this point the ice sheet in the 20% SRM geoengineering climate begins to collapse, ending slightly larger than the 4×CO 2 case; the 30%Geo case stabilizes and a partial ice sheet remains. The 10%Geo and the 4 × CO 2 cases both collapse rapidly leaving a residual ice sheet with just over 10% of the pre-industrial control volume.
The ice sheet hence responds in a step-like manner to the SRM geoengineered changes in the climate; for low levels the ice sheet almost completely melts, for 30-50% SRM geoengineering a partial ice sheet remains and at levels of SRM geoengineering of 60% or above the ice sheet remains fully intact. We interpret the bifurcation of the evolution of the 20% and 30% SRM geoengineering ice sheets in terms of a positive altitude-temperature feedback, which amplifies the small difference in input climates and causes a run-away melting. Without further simulations it is hard to tell whether the 30% SRM geoengineering ice sheet represents a third stable level or whether it forms part of a continuum of partial ice sheets between 20%Geo and 40%Geo.
Our results suggest that a full SRM geoengineering intervention would prevent the melting of the GrIS and stop the resultant ice-induced sea-level rise. At 4 × CO 2 the melting of the GrIS would contribute 6.4 m to sea-level, for 30%Geo the sea-level rise would be 3.9 m, for 40%Geo and 50%Geo 2 m and at 60%Geo and above no sea-level increase from the GrIS is observed. The changes in sea-level that occur in the first 100 years of the simulations are strongly dependent on the level of SRM geoengineering: for 4 × CO 2 there would be 24 cm, for 40%Geo 6 cm, for 60%Geo 2 cm and for 100%Geo there would be 0.1 cm of sea-level increase. This dramatically non-linear response of the ice sheet highlights the necessity of detailed analysis of the regional impacts of SRM geoengineering schemes.
In interpreting the results presented here it must be borne in mind that the climate and ice sheet models available today have flaws and do not exactly reproduce observed modern climate and ice sheet extent. Many climate models agree on the broad changes in the temperature that would occur at high levels of CO 2 but there is a large degree of disagreement for regional climate change and for other aspects of climate such as cloud cover and precipitation. The UK Met Office Model (HadCM3), which is used in this paper, has a cold bias towards the poles over the Northern Hemisphere land masses (IPCC 2007) . However, the Glimmer model uses an anomaly method to calculate the climate to force the ice sheet and hence minimizes the consequences of the cold bias in the climate model.
It is also important to be aware that our simulations are performed without interactive coupling between the ice sheet model and GCM and hence neglecting in particular the icealbedo feedback, although the ice-altitude feedback is taken into account using a lapse-rate correction. Current ice sheet models also generally lack higher order physics and although able to simulate slow moving ice dynamics adequately they are not yet able to represent the dynamics of fast moving ice streams. Deficiencies of ice sheet models in these areas is currently being addressed, with improvements to ice dynamics (Pattyn 2003) , representations of the fast ice streams and ice shelves (Schoof 2006 , 2007 , Pattyn et al 2006 , more realistic modeling of the surface mass balance (Bougamont et al 2007) , and treatments of basal sliding which take into account positive feedbacks (Parizek and Alley 2004, Price et al 2008) . Recent work has indicated that current loss of mass from the Greenland ice sheet is roughly equally partitioned between surface mass balance changes and changes in dynamics (van den Broeke et al 2009) . Given the large uncertainties in quantifying future dynamic ice losses at Greenland's marine terminating outlet glaciers, the thresholds determined in this paper for effective SRM geoengineering in the context of the GrIS should be regarded with some caution. In particular, it is likely that ice loss will be greater than predicted by the ice sheet model, resulting in a higher level of SRM geoengineering needed to avert a given sea-level rise.
It has been argued that the predicted changes in the climate caused by SRM geoengineering are not benign. For example, the reduction in global precipitation could have an adverse effect on agriculture, and so partial geoengineering could potentially be a more favorable proposition , Bala et al 2008 . From this study, we find that a partial SRM geoengineering intervention might also prevent the melting of the GrIS and avoid the catastrophic sea-level rises that this would cause. However, the existence of thresholds and multiple states in sub-systems such as the GrIS cautions that regional impacts and climate teleconnections need be studied in detail when assessing SRM geoengineering and determining its efficacy.
